Nanoindentation techniques have been developed to determine the hardness of ion-irradiated materials. However, the incipient plasticity during nanoindentation is a new method to investigate the irradiation damage of structural materials in fusion reactor. In this paper, helium implanted F82H-IEA and nano-sized oxide dispersion strengthened F82H-ODS steels were used to study the elastic-plastic transition at a constant loading rate. The onset of plasticity shifted after helium implantation. By a statistical thermal activation model we extract activation volume of F82H-IEA and F82H-ODS with and without He, respectively. The results reveal an increasing pinning force and number density of effective obstacles over dislocations in He-implanted 
Introduction
Nanoindentation techniques have been developed to measure the hardness of ion-irradiated specimens using load and displacement sensing indentation experiment [1] [2] [3] [4] [5] [6] [7] . Loads with nanonewton-level and displacements with angstrom-level can be accurately measured [8, 9] . A further issue in load-penetration depth curves, onset of plasticity, has been studied to understand the mechanisms governing defect nucleation. The onset of plasticity usually indicates by a first burst of displacement, as the indenter tip 'pops' into the specimen [10] [11] [12] [13] [14] [15] [16] . The typical indentation depth of onset of plasticity is below tens of nm. The simulations of the initial defect nucleation event in single <111> Cu have shown that the nucleation site of defect is at a depth ~60% of the contact radius [17] , far below the surface. Recent studies put a quantitative insight into the incipient plasticity and present a statistical thermal activation model to determine the activation energy and volume for the onset of plasticity during nanoindentation [9, 18] .
However, this model has not been used to understand the mechanical property evolution in irradiation damage field.
F82H-IEA and F82H-ODS steels are candidates for structural materials in fusion reactor. The degradation of mechanical property of structural materials caused by transmuted helium in fusion reactor is one of outstanding issues.
In this paper, helium ions were injected into samples to discuss the onset of plasticity of F82H-IEA and F82H-ODS steels with and without He, respectively, and extract the activation volume from experiment data. The roles of nano-sized oxide particles and implanted helium in the onset of plasticity are also studied.
Experimental procedures and methodology
Two steels, F82H-IEA and F82H-ODS (both provided by the Japan Atom Energy Agency), were fabricated into 3mm diameter disks with a thickness of 0.15mm. The chemical compositions and heat treatment conditions of the specimens of the two steels are shown in Table 1 [19, 20] . All the samples were electro-polished to remove the deformation zone and obtain a smooth surface. Helium ions at 70 -250 keV were injected into the samples at room temperature. at. %. The implanted region is 800 nm from the surface.
Nano-indentation was performed using an Elionix ENT-1100a (Elionix Inc. Japan)
nano-indenter with Berkovich-type tip. Indentations were placed 5 um apart from one another and the typical indentation depth was below 30 nm with a maximum load of 40-120 μN. Between indentations, the tip was maintained in contact with the specimen surface at a very low set-point load of 2μN, which prevents issues of jump to contact prior to indentation, as well as artifacts related to indenter momentum during approach [9, 21] . The temperature of the system during nanoindentation was 28 ºC, and the loading rate is 6μN s -1 . Fig. 2 shows a typical load-displacement (P-h) curve for nanoindentation with first displacement burst marked with black arrow. 250 P-h curves were obtained from indentations for each sample.
The statistical thermal activation model is provided by J. K. Mason et al [9, 18] . By a series of nominally identical indentations, the statistical distributions for the first displacement burst can be derived, and the ultimate function between the load (P) and cumulative fraction function (F) for the statistics of the first burst is expressed as the function:
Here the parameter α and β are constants from experimental data. The activation volume is extracted from the measured slope of curves α, and is given by 
where ρ is the radius of the indenter tip and E R is the reduced modulus of the tip-sample combination.
Results and discussion
Fig . 3 shows the statistical data acquired for the first displacement burst during nanoindentation. The loads, P, at the first burst point are identified from p-h curves, and then the cumulative fraction of loads at the first burst point is plotted in Fig. 3 . In the 250 indentations of F82H-IEA, 60% of the loads at the first burst point are below 20 μN.
In the meantime, the load for F82H-ODS at the same cumulative fraction is 60μN. The results suggest that the hardness of F82H-ODS is higher than F82H-IEA. After helium implantation, the F-P curve of F82H-IEA shifted to the load increasing direction, and the curve of F82H-ODS shifted to the load decreasing direction, as shown by the black arrows. The results suggest that He implantation causes an enhanced local pinning force over dislocations in F82H-IEA, but a weakening pinning force over dislocations in F82H-ODS. [22] . The activation volume is defined as the total volume of coherently activated atoms, multiplied by their transformation strain [23] . 
